NMR is a useful way to obtain spectra of quadrupolar nuclei ('D, "N, ... ) 
I. INTRODUCTION
Recently it was demonstrated that it is possible to obtain chemical shift spectra of deuterium nuclei in solids from novel NMR techniques. ' ' In these experiments the coherence of the "forbidden" (dM= 2) double-quantum transitions of these spins (1= 1) was excited and its time-dependent behavior was monitored.
' The This rather simple approach forms a complementary method to the multiple-pulse techniques for the observation of high-resolution proton NMR in solids. " However, because of the very low abundance of the deuterium atoms in the solid, the measured signal intensities are very small and we would like to be able to apply cross-polarization techniques for signal enhancement. " " In these experiments nuclear polarization is transferred between the abundant spin system and the rare nuclei in the sample. The polarization of the transitions of the rare spins can result in an enhancement of their NMR signal intensities. Alternatively, the free-induction decay of the 8 spins is monitored by observing the I spins using cross polarization. These methods are well understood and widely used for abundant spins (protons) and rare spins (like "C, "N, and "Si) where both spin systems have a spin value I = 2. In our ease it would be most attractive to cross polarize or detect the double-quantum coherence of the deuterium spins with $ = 1 directly from the abundant protons. This would provide high-sensitivity double-quantum spectra directly. In this paper we discuss such NMR cross-polarization experiments between abundant nuclei with spin I = -, ' and rare nuclei with S= 1. %'e show experimentally and theoretically that it is indeed possible to polarize the doublequantum transition of deuterium from protons in a solid.
In Sec. II we review briefly the spin thermodynamics of cross-polarization experiments for two spin I = , ' systems (e.g. , "-C-'H), in order to form a basis for the new material in this paper. In Sec.
III the theory of spin thermodynamics is extended to a spin S= 1, I =~s ystem. The fictitious spin-2 operators'" " used to describe single-and In this section we review briefly the spin thermodynamics of the cross-polarization process between high-abundance spins I =~a nd low-abundance spins S=-, ' in the solid. " The presentation of the theory of cross polarization in this section serves as a reminder of notation and equations required for the remainder of this paper. The Hamiltonian in the laboratory frame of the spin system under consideration, in an external magnetic field Ho and w ith appl ied rf irrad iation fields at the Larmor frequencies, can be represented by Hrs=gau(l, lq -3I (I,)), a, , = y', kr, , 'I', (cos8") (2.3) are the secular parts of the magnetic dipole-dipole interactions with respect to the Zeeman interaction between the high-abundant I spins and the secular part of the dipole-dipole interaction between the I spins and the low-abundant S spins, respectively. The interaction between the S spins themselves is ignored because of their low abundance. The total spin system can be described by the spin density matrix p and in thermal equilibrium p"= Z ' exp [-p~(-(u"I, -(u"s,) ], and where P~= 1lkT~, with T~t he laboratory temperature.
In the rotating frame defined by the transformation operator H= -(0 I where P, and P, are the spin tem. perature coefficients of the I-spin system and the S-spin system, respectively. According to Hartmann and Hahn, for an initial condition pzw p~t he two spin temperature coefficients will evolve to a common value pz, due to the influence of H» on H~a nd H~. The rate of equilibration is strongly dependent on the rf irradiation field intensities. With 
Irradiation near other allo~ed transition (Au --w )
and with an additional transformation it becomes 
which results in
The actual evaluation of this transformation and a discussion about the fact that the (1-3) transition after this transformation still corresponds to the double-quantum transition, is given elsewhere.
An additional transformation of H~w ith the unitary operator The Fourier-transform S spectrum after an gL experiment consists therefore only of the spectral line which is irradiated during the mixing time.
In Fig. 7 we show a result of an SL experiment on solid deuterated benzene. We clearly see that only the signal of the cross-polarized transition appears. Jn the figure this signal is compared with a signal obtained after a single 90 pulse on the S spins.
To derive the enhancement of the (1-2) transition after cross polarization, with respect to the normal free-induction-decay signal after a 90' pulse, we calculate the intensity of this last signal. The intensity of the signal of the (1-2) transition after a strong 90' pulse on the S spins is M~"2 0= v 2Tr(p"S', ') = Z &2P~4log Tr(S") = -'~2&spa&os. 6 The 90' pulse was taken in the y direction The Hartmann-Hahn condition for this case becomes with 6~= 0 (see Fig. 9 
The ratio between the second moments can easily be calculated
From this ratio it follows that the width of the In this subsection we show some experimental results of the destruction of the proton line intensity as a function of the rf irradiation field intensities v» --v»/2w and v,~= e,~/2w, and the offresonance frequencies~v= 5v/2v.
The dependence on rfintensities
The relative destruction of the proton-spectrum intensity after a cross-polarization experiment can be calculated from the maximum possible destruction, given in Eqs. The experiments were performed on a powder sample of monodeutero-benzene.
The spin-lattice relaxation time of this material is relatively short (-0.5 sec) and it is convenient to use this sample for the accumulation of free-induction-decay signals after cross-polarization experiments. The deuterium quadrupole interaction frequency of benzene-d, equals 2v--70.4 kHz and the maxima in its powder spectrum are at v= +35.2 kHz. In this paper, it is sufficient to consider only the two peaks at +35.2 kHz for the interpretation of our experimental results, and to ignore the rest of the powder spectrum. If, however, the deuterium enhanced proton-NMR-signal intensities were used to obtain information on the chemical shifts of.the deuterium atom, the whole spectrum should be taken into account.
All measurements were done on a home built spectrometer with a static magnetic field of 25 ko. Here it is difficult to predict for what value of py g the maximum destruction is obtained. If w e take for the spectral density function J, (p}"an exponential function e "~"~, it is clear that the width of dD~a s a function of p» is larger than the width of d z and that the maximum in dn@ is larger than the maximum in d e.
In Fig. 10 we show the relative destruction as a function of p» of the proton line intensity after a spin-lock experiment on the single-and doublequantum transitions of deuterium in benzene-d, .
The mixing time in these experiments was t=15 msec, which is much smaller than the T» value for this compound. The applied proton rf irradiation intensity was equal to p»= 10 kHz. Maximum destruction for the single-quantum case is obtained when p» =7 kHz. This should be equal to 2 ' 'p»=7. 1 kHz, according to the Hartmann-Hahn condition [Eq. 3.34)]. Thus agreement is good.
In the double-quantum case the maximum destruction occurs at p» = 19 kHz and this must be compared with (vv»)'~'= 19.2 kHz [Eq. (3.53) ]. Again, these experimental results are in excellent agreement with the theory. The results of Fig. 10 show that the maximum single-quantum destruction is smaller than for the double-quantum destruction and that the destruction spectrum for the doublequantum case is wider than for the single-quantum case. This is in agreement with the discussions given above.
The proton destruction spectra for ADRF ex- (Fig. 2) between the protons and the deuterium nuclei in this (Fig. 2) The proton T» relaxation time is measured by an ADRF experiment without applying an rf field on the deuterium nuclei. The recovery of the dipolar order of the protons is measured with a 45' pulse. The proton signal intensity after this pulse is monitored as a function of the delay time between this pulse and the ADRF pulse. The experimental result is given in Fig. 18 and Tyg 300 msec. (Fig. 2) and the transformation of this order to a measurable signal by a 45' pulse. From these measurements we get TED=300 msec. Fig. 19 . The experimental parameter was equal to p» = 17.2 kHz and the irradiation field was applied at resonance. This corresponds to the maximum destruction in Fig. 12 The Hamiltonian of the rf pulse in the rotating frame with +1' +~(4)g is e, = -(1/v 2)(u, 3(s"+s,).
(A2)
The effect of a T3 second pulse with &u, 3T3= m/2 on p Q is calculated by aTT, = --s"= (w/v 2)(s"'-'+s"'-'). This result is used in Eq. (3.57).
The density matrix after the pulse will evolve, due to the quadrupolar interaction, 
The rate equations for the spin temperature co- ] e-x t) + (cos'8R"+ sin8 cos8R») ) (SlO) This expression was used in the computer program to fit the dynamics and the value of &~i n the crosspolarization experiments.
